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ABSTRACT 

A six degree of freedom model was utilized to study the motion of the loaded 

human knee joint, with emphasis placed on the role of the posterior cruciate ligament 

(PCL) in that motion. Unlike previous studies, where the joint was loaded statically, 

continuous measurements were taken throughout the range of motion, full extension (zero 

degrees) to 110 degrees flexion. Several different loading conditions were studied, with 

loading conditions varying to simulate the natural body forces (i.e. the normal condition) 

and hamstrings-deficient or quadriceps-deficient conditions. The motion of the knee in 

the normal configuration was then compared to the motions after the PCL was surgically 

severed. Finally, the PCL was reconstructed, the tests were repeated, and the results were 

compared to the normal configuration. The joint reaction forces on the knee were 

calculated using the normal knee configuration as the loaded condition. These 

comparisons will aid in determining the best method of PCL reconstruction. 
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I.  INTRODUCTION 

Knee injuries are surprisingly common, both in the 

military and in the civilian community. The requirements of 

military life, including physical training, running in combat 

boots with fully loaded packs, drilling and shipboard duties 

only serve to compound such injuries. 

Much research has been directed to the study of anterior 

cruciate ligament (ACL) injuries, but very little has been 

done in the study of posterior cruciate ligament (PCL) 

injuries. Additionally, most previous research has been 

conducted on joints with a restricted range of motion, usually 

0° to 90° flexion. Testing conditions have usually utilized 

a constrained model with the femur held fixed or in a rigid 

position while the tibia is moved. Loading conditions applied 

at several fixed angles have traditionally been used instead 

of continuous loading and continuous motion. Interpolations 

from such discontinuous data have been used to generate curves 

which supposedly represent knee kinematic behavior. 

In conjunction with LCDR M. DeMaio and LCDR D. Adkison, 

medical doctors in the Department of Orthopaedic Surgery at 

Naval Hospital, Oakland, California, the motion of the human 

knee joint was studied. The scope of this paper will 

specifically address issues uncovered during the first several 

months of this long term effort, with the focus on the 

development of a new six degree of freedom knee model unlike 

any previously discussed. There is no indication from a 

literature search that research utilizing a true six degree of 

freedom, continuous motion model has ever been performed. 

The range of motion of an intact normal knee will be 

studied and compared at different conditions to simulate 

quadriceps-deficient and hamstring-deficient conditions. 

Since much literature already exists on the effects of ACL 

injuries, PCL injuries will be targeted for this early portion 



of this study. (The ACL will be investigated at a later 

date.) Continuous kinematics of the intact knee will be 

described with each knee acting as its own control for 

subsequent conditions. The PCL will then be severed 

arthroscopically and the range of motion will be tested under 

similar loading conditions as the normal knee. Then the PCL 

will be surgically reconstructed, and data collected under 

conditions identical to controls. 

From this information, normal kinematics and 

pathokinematics relating to the role of the PCL is to be 

determined. Literature shows the PCL to be of primary 

importance in stabilization of the knee joint. Once the 

relative motion of the knee has been recorded, isolated and 

coupled motions for each axis and degree of freedom will be 

discussed. From this data, joint reaction forces will be 

calculated. The results will be plotted and compared across 

the various conditions. This will serve to direct future 

efforts for improvement of reconstruction techniques to 

adequately restore the kinematics of the PCL deficient knee to 

its pre-injury function. 



II.  BACKGROUND 

Knee joint mechanics have been studied extensively. 

Numerous papers have been written documenting the role of the 

cruciate ligaments, possible replacement tissues (grafts for 

reconstructions), contact regions of the femur and tibia, and 

finite element modeling of the motion of the knee [Ref. 1-30] . 

A vast majority of the papers on the role of the cruciate 

ligaments focus on the anterior cruciate ligament (ACL) [Ref. 

5, 10, 11, 15, 16]. One study specified that of a literature 

search conducted in 1988, 127 papers were found documenting 

the role of the ACL, but only 19 discussed the posterior 

cruciate ligament (PCL) [Ref. 19] . Epidemiologie research 

shows that most injuries to the PCL occur during automobile 

accidents or while playing sports [Ref. 12] and suggest that 

certain loading conditions correlated with injury to the PCL 

[Ref. 23]. The PCL is known to be the principal structure in 

preventing posterior tibial translation at all angles [Ref. 

3], but especially at greater angles of flexion [Ref. 3, 7, 

8] . It also deters varus and external rotation of the tibia 

[Ref. 3, 7, 8]. No significant differences were discovered 

between left and right knees [Ref. 7]. 

The majority of current research reviewed used fixed 

models (either the tibia or femur being held rigid, or in some 

cases, both) [Ref. 1,2,3,8]. A few have discussed the use 

of a six degree of freedom model [Ref. 7, 9, 10, 15] but still 

use a static loading situation, then interpolate the results 

to actual knee motion. One study specified that coupled 

motions cannot be ignored and therefore models should not be 

constrained [Ref. 6]. The importance of measuring a 

continuous relationship between the movements of the knee 

ligaments and the structural bones and muscles is obvious. 

Several muscle groups are responsible for controlling 

flexion and extension of the knee joint  [Ref. 26] .   The 



primary flexors are the hamstrings and the gastrosoleus while 

the primary extensor is the quadriceps femoris (Figure 1) . 

The ligaments function as a local controller to maintain the 

integrity of the joint. The surface geometry of the tibia and 

femur are also responsible for motion control. The surface 

motion patterns of the tibio-femoral joint have been described 

in three different patterns. These are gliding, rolling, and 

a glide/roll combination. Actual movement of the knee in 

extension occurs in three planes, discussed in detail below. 

An example of the importance of the three plane model is 

evident for a description of the 'screw home' locking 

mechanism (external tibial rotation as the knee is fully 

extended). 

An anatomically based coordinate system has been proposed 

to serve as a reference to define the knee motion [Ref. 4, 

29] . The three rotations and three translations are described 

as (Figure 2) : 

Rotation: 

a) flexion and extension in the mediolateral direction 

(about the x axis) (Figure 2a,2d) 

b) internal and external rotation about the axis along 

the tibia (about the y axis) (Figure 2b,2d) 

c) adduction and abduction occurring about the axis 

passing through the center of the knee in an 

anterior/posterior direction (about the z axis) 

(Figure 2c) 

Translation: 

a) medial to lateral shift along the axis in the 

mediolateral direction (along the transepicondylar 

pin or x axis) (Figure 2a) 

b) compression and distraction along the 

superior/inferior direction of the tibia (in the y 

direction) (Figure 2b, 2e) 

c) anterior/posterior drawer along the axis in the 



anterior/posterior direction (along the z axis) 

(Figure 2c) 

Each cruciate ligament has two major bands with 

reciprocating functions [Ref. 9]. The PCL has an 

anterolateral band that tenses in flexion and a posteromedial 

band that tenses in extension. These bands are named for 

their relative attachment location on both the femur (anterior 

or posterior) and the tibia (medial or lateral). It has been 

determined that depending on the flexion angle, some fibers 

remain taut and resist applied force, while others slacken and 

change direction and tighten before bearing the load. This 

process is called recruitment [Ref. 19]. Internal rotation 

has been noted to recruit cruciate ligament fibers [Ref. 21]. 

Ligament fibers may lengthen by up to 2 0% before failing 

in tension [Ref. 20]. The PCL may restrict motion of the 

tibia along the anterior/posterior drawer by tightening [Ref. 

24] . It does not come into contact with the femur at any 

flexion angle and is influenced considerably by the quadriceps 

[Ref. 32] . The PCL lengthens steadily with flexion angle, but 

shows little change after 90 degrees flexion. 

Static loading of the knee refers to rigidly fixing the 

tibia or femur, then flexing the other long bone until the 

desired angle of flexion is reached. At this flexion angle, 

both bones are held stationary and measurements taken on the 

position and condition of the ligaments. Desired forces or 

loading is then added and readings are taken to record the 

changes. Typical flexion angles of interest are 0°, 30°, 45°, 

60°, and 90° [Ref. 7, 8, 22-28]. Few papers were found going 

beyond 90 degrees flexion [Ref. 19, 22]. It was determined 

[Ref. 27] that in static loading of the knee, the maximum 

axial force in the femur upon with knee flexion is roughly 3 

1/2 to 4 1/2 times the body weight [Ref. 13], with the 

quadriceps tension force and the patellar reaction force 

roughly the same order of magnitude.   Smaller forces of 



constraint are present at the tibia/femur interface equal to 

roughly 2 1/2 to 4 times the body weight. To ensure the 

femoral forces act axially, the quadriceps tendon exerts a 

force anterior to the femoral condyles via the patella (Figure 

3). With contraction of the quadriceps, the static forces 

transmitted at the knee joint change considerably [Ref. 27]. 

The bending moment in the femur is small. The main function 

of the patello-femoral joint is increasing the effective lever 

arm of the quadriceps in affecting knee extension or resisting 

knee flexion [Ref. 14]. It also centralizes divergent muscle 

groups of the quadriceps. 

The presence of highly congruent load bearing joint 

surfaces together with menisci, ligaments, capsule and muscles 

(Figure 4) make the knee one of the most complex joints in the 

musculoskeletal system [Ref. 17, 18]. Strain is non-uniform 

along and across the tissue surface [Ref. 28]. The ligament 

strain near the bone attachment sites is higher than the mid- 

length region due to: variation in the fiber bundle or 

fascicle length within the tissue; less parallel fiber bundle 

alignment in ligaments; and variations in mechanical 

properties within the tissue. 
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Figure 1: An overall view of tlie knee joint, showing the 
relative attachment sites of the gastrosoleus and hamstrings 
muscles, the quadriceps muscle, patella, and transepicondylar 
pin [Ref. 31] . 
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Figure 2.1:  A, B, C are schematics showing the motions being 
studied [Ref. 31,32]. 
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Figure 2.2:  D and 2 provide amplification of the motions 
[Ref. 31,32]. 
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Figure 3:  Schematic showing anterior view of the extensor 
mechanism (quadriceps muscle, patella, and pateilar tendon). 
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Figure 4: A detailed posterior view of knee showing insertion 
sites for ACL and PCL [Ref. 32]. 
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III.  SPECIMEN PREPARATION 

Five right human knee joints were used in this research. 

The donors were four male and one female, ranging in age from 

45 to 58 years old (average age 51) . All donors died of 

natural causes with no trauma to the knee. 

The knees were examined and photographed arthroscopically 

to confirm normal cruciate ligaments and menisci. They were 

then cut mid-tibia and mid-femur and kept frozen, intact, at 

(-15) degrees C. They were removed from the freezer the night 

before testing and prepared the morning of the test. 

Preparation included the removal of tissue leaving an intact 

capsule, quadriceps mechanism, and ligaments. The fibula was 

removed. A 10 millimeter diameter Kuntschner rod (K-rod) was 

cemented into the medullary canal of both the tibia and femur. 

The rods varied in length, depending on the size of the knee, 

in an effort to maintain the same distances on the test 

machine for consistency. Eye bolts were inserted into the 

bones at vector sum points for the gastrosoleus, the 

hamstrings and the quadriceps muscles. 

A transepicondylar femoral pin was used to define a 

reference point and represent the center of the femoral axis 

of rotation. Previous studies show this is a good reference 

for relative motion. The instrument jig was fixed to the 

medial aspect of the tibia. The transducers used to measure 

the continuous motion of both translation and rotation were 

mounted to this jig. The jig underwent slight modifications 

upon each application in an attempt to maintain relative 

distances between different size knee joints (Figure 5). 

13 



Figure 5: Photograph of actual test equipment with human knee 
in place.  The X, Y, and Z translational potentiometers, as 
well as, the Y and Z rotational potentiometers are visible 
Traction ropes are in place applying loads simulating live 
human knee. 
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IV.  TEST EQUIPMENT 

As stated, a continuous motion six degree of freedom 

model has yet to be reported in the literature, so a test 

stand had to be developed (Figures 6 and 7) . In order to 

maintain the six degrees of freedom desired, a uniaxial ball 

and socket joint was chosen to be used to secure both the 

femur and the tibia to the test apparatus. By allowing both 

joints to move freely, rather than fixing one or the other as 

has been previously reported, a complete range of motion is 

maintained. The K-rods that were inserted into the medullary 

canals were then connected to the ball and socket joints. 

With the degrees of freedom provided for, the next step 

was to enable and record continuous motion of flexion and 

extension. First, to create continuous motion, a "Velmax 

Unislide" worm gear drive was chosen to be attached to one 

end, while fixing the other. It did not matter which end was 

held fixed since it was to be able to rotate freely, so for 

ease of design of the supporting equipment, the tibia end was 

chosen to be held in the stationary ball and socket joint 

(Figure 8). The joint itself (socket) was bolted onto a plate 

that was then clamped to a crossbeam (1 foot x 1 in diameter 

staging) to which the worm gear was attached. This was 

supported by another crossbeam and bolted to the counter top. 

One large goal post type frame was made with smaller 

appendages rigidly attached running perpendicularly for 

suspension of weights (Figure 9). The other socket joint, 

also bolted to a plate, was bolted to the worm gear slide of 

the Unislide and permitted to move up and down. 

The Unislide test stand set-up was carefully constructed 

to ensure that both ball and socket joints and the worm drive 

slide remained in the same plane, or collinear, to prevent 

induced binding. As the upper ball and socket plate 

traversed with the Unislide worm drive, the motion remained 

15 



parallel to the specimen. A plastic knee joint model was 

used to test the transverse motion to ensure accuracy prior to 

inserting a real human knee. 

The next process allowed the weights to be added in the 

appropriate locations (vector sum points of the various muscle 

groups) to simulate loading the knee. Eye bolts were inserted 

below the patella at the tibial tubercle anteriorly and 

posteriorly at the vector sum points for the hamstrings and 

gastrosoleus muscles, respectively (Figure 10). Weights were 

attached to these eye bolts via traction rope to simulate 

loading. Pulleys were positioned such that the direction of 

the traction rope followed the path of the force being 

simulated. Figure 9 shows the pulleys and their usage to 

force the correct direction. 

The next step was to devise a mechanism to record the 

actual motion of the knee. Because a six degree of freedom 

model was being developed, three translational and three 

rotational measurements would be needed (Figure 7). Three 

translational potentiometers, with a slide range of six inches 

were procured, as well as three rotational potentiometers. A 

coordinate axis system was defined such that the x axis lies 

along the transepicondylar pin and the y axis along the tibia 

(positive direction up, or towards the hip joint) . Then using 

the right hand rule, the z axis is perpendicular to the x-y 

plane, coming out of the plane of the knee joint (Figure 2). 

A jig was developed, with the plastic knee, to enable the 

transepicondylar pin to be utilized as the center of motion. 

A brace was run down and secured to the femur with a "C-clamp" 

style bracket going around the patella and attaching to the 

transepicondylar pin on the other side on the joint (Figures 

10 and 11). An additional brace was run to the femur from the 

bracket to ensure stability. The potentiometers were attached 

to this jig such that when the knee went from the fully 

extended position to  the  fully  flexed position,  the  Z 

16 



translational potentiometer contracted and the X and Y 

translational potentiometers extended to give a positive 

measurement. By convention, the amount of flexion is measured 

from zero degrees. Of note, a knee may have a few degrees of 

hyper-extension. The translational potentiometers were placed 

along the x, y, and z axes as described earlier. The 

rotational potentiometers were placed at the tips of the 

translational ones. As placed, counterclockwise rotation 

about the given axis was taken to be positive motion. 

The motion of the worm gear was controlled by a "Velmax 

controller/driver", to direct the speed of flexion/extension 

as well as the direction of motion (sliding plate up or down 

on the worm gear). The potentiometers fed voltage data into 

a personal computer program, which controlled the rate of 

output readings. Readings were typically taken at half second 

intervals throughout the full range of motion. These readings 

were stored independently into a six column matrix, 

representing the six degrees of freedom. 

The plastic knee joint was known to be smaller than most 

human knees and to not move as smoothly as a real joint with 

cartilage and fatty tissue present. Binding was noted, 

particularly along Z translation, which traveled the farthest. 

To overcome this problem, a DC servomotor (24V) was attached 

to the scaffolding to add a small vibration to prevent binding 

due to natural forces on the potentiometer slide as it moved. 

This worked quite well at slow speeds, and did not appear to 

artificially induce any rotation about the Y axis unless a 

large vibration was added. 

Once the test knee was operating as planned without 

binding, a human knee was prepared and mounted, as described. 

Although the worm gear drive was mounted on a series of 

crossbeams, and thus could be portable, it was not adjusted to 

suit each knee. Rather, to maintain similar test parameters 

to allow comparisons, care was taken to ensure the K-rods 
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inserted at both ends of the test specimen were of appropriate 

length to allow full flexion and extension once mounted in the 

worm gear. 

Weights to simulate the equilibrium or normal knee 

condition, 20 pound force (9.07 kg; pound force to be 

represented as #) on the quadriceps (front pulley) and 10# 

(4.55 kg) each on the hamstrings and gastrosoleus (rear 

pulleys) were added (Figure 6) . The model was then cycled 

through full motion to ensure proper positioning of the gages, 

wires, and other equipment. Once this was established, the 

motion was repeated three times at the normal weight condition 

and recorded. The weight on the quadriceps was reduced to 10# 

and the test was repeated three times to simulate a 

quadriceps-deficient knee joint. The weight was restored to 

the quadriceps (20#) and the hamstrings and the gastrosoleus 

were reduced to 5 lbs (2.27 kg) to simulate the hamstrings- 

deficient condition, and three tests were run and recorded 

(Table 4.1).  Each knee served as its own control. 

Condition GS HAMS QUAD 

Equilibrium 10 10 20 

Quadriceps 

Deficient 

10 10 10 

Hamstrings 

Deficient 

5 5 20 

Table 4.1 

The posterior cruciate ligament (PCL) which was to be 

studied first, was then cut arthroscopically by the surgeons 

while the joint was still on the test stand so the same series 

of tests (equilibrium, quadriceps-deficient and hamstring- 



deficient) could be conducted and recorded immediately. 

Additional testing was done by adding weight to the quadriceps 

force (up to 80#) to try to recreate the original normal 

condition motion line. The knee was then removed from the 

test stand and the PCL was surgically reconstructed 

by a standard surgical procedure using an 11 mm bone-patellar 

tendon-bone graft. 

The knee was placed back into the test stand and the same 

tests, in the same order, were conducted. These three 

conditions were then compared (normal, PCL deficient and PCL 

reconstructed). (Figure 12) The effect of knee flexion at 

the time of graft fixation was also studied by comparing the 

kinematics of the graft fixed at 30° or 90° of knee flexion. 
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(A) 

Figure 6: Schematic of the actual test equipment. Use of 
worm drive slide mechanism is indicated, as well as traction 
ropes to simulate loading conditions. 
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Figure 7:  Close-up schematic showing instrumentation. 



Figure 8: View of human knee in test stand from the opposite 
side. Note the attachment of the lower ball and socket joint 
(tibial end) to a plate attached to the framework, while the 
upper ball and socket joint (femoral end) is attached to the 
worm drive of the Unislide. 
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Figure 9: An overall view of the test stand to show the 
framework used to support the weights as well as equipment. 
Pulleys are used to help guide the tension ropes. 
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Figure 10: Photograph of a human knee without the test jig in 
place to emphasize the insertion sites and vector sum points 
of the simulated muscle forces. 
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Figure 11:  Close-up photograph of the actual jig in place. 
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Figure 12:  Close-up photograph showing PCL reconstruction. 
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V.  ANALYSIS 

A.  DATA INTERPRETATION 

Five complete human knee joints were used in this study, 

all prepared as noted previously. The first knee tested (from 

the female donor) was only used for qualitative comparison. 

Its main purpose was to test the equipment. Modifications to 

the test procedure were made until the output obtained 

reflected biological motion. From there on, minor changes 

were made to the test stand to ensure proper fit-up of the 

test knee. Due to the numerous changes undergone at various 

loading conditions to perfect the test equipment, damage to 

the ligaments may have occurred, and therefore numerical 

comparisons with the first knee (Sample 1) were not done. 

Before any comparisons could be made, the raw data, read 

in voltages, had to be converted into degrees and millimeters. 

Using conversion factors appropriate for the gages being used 

(22 degrees/volt and 10.685 mm/volt for our set up) a simple 

MATLAB routine was generated. A consistent zero point was 

chosen (ensuring the motion of extension to flexion always 

started at the same point) to allow comparison. A problem was 

encountered when knee sizes were not exactly the same, causing 

some knees to travel farther along the Unislide than others to 

reach the full 110 degrees of flexion desired. This caused 

the data set to be larger in some instances than others. All 

four runs differed in size by one to 10 data lines (some due 

to the range of motion, some due to the method of controlling 

the data acquisition timing, etc.), so the matrices were 

plotted together with an appropriate scale change. 

With that simple conversion accomplished, various plots 

were generated.   Plots comparing the measured X rotation 

(always the X axis), verses X, Y, and Z translations and Y and 

Z rotations were generated.   In all samples, plots with 

similar slopes and features were obtained. The data was found 
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to be highly repeatable. Figure 13 shows three separate runs 

from one knee under the same loading conditions, while Figure 

14 shows three different knees under the same loading. The 

minor differences noted in Figure 14 may be explained due to 

minor changes in actual knee configuration. Since the PCL is 

known to function as the primary controller in preventing 

posterior motion of the tibia along the anterior/posterior 

drawer (Z axis) and external rotation (about the Y axis), the 

qualities being monitored were focused into these two areas. 

Because no two human knees are exactly the same, each 

knee had its own unique normal condition. This is defined as 

the PCL intact, with 20# on the quadriceps, and 10# on each 

the hamstrings and the gastrosoleus. All other conditions 

were compared to this normal. When the Z translation (Figure 

15) and the Y rotation (Figure 16) were plotted for this 

normal intact configuration, a hysteresis loop was found to 

occur between the flexion and extension motions. Since there 

are no other continuous motion models, this had never before 

been reported. The hysteresis was expected since in a 

functional knee, reciprocal displacements would be required. 

(The tibia would need to return to its starting point after a 

full cycle of motion.) Representative curves documenting 

hysteresis loops occurring in the X translation (Figure 17), 

Y translation (Figure 18) and Z rotation (Figure 19) are 

provided. 

After the PCL was severed arthroscopically, thus creating 

the PCL deficient condition, the curve representing the new 

condition had a grossly similar shape as the normal condition, 

but had a different Z translation (Figure 20) . This is 

explained anatomically due to the fact that once the PCL was 

severed, the posterior drawer was free to shift or drop 

backward before the knee was flexed, so less translation 

occurred due to the new zero point. 
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B.  TRANSLATION COMPARISONS 

Translation in all three directions (along the x, y, and 

z axes) were measured and converted via the MATLAB routine to 

millimeters. The X translation (along the transepecondylar 

pin) was very minor and determined to be inconsequential, 

(Figure 17) as was the Y translation (resulting in compression 

or distraction of the joint, which is minor, as seen in Figure 

18). Since the PCL prevents posterior translation at all 

angles, the Z translation recordings were the major gages used 

to monitor the progress of testing.1 

For all knees, the trends observed were similar. Once 

the normal run was established (PCL intact, #20, 10, 10), the 

succeeding tests were immediately validated against this 

control run. The data was found to correlate with observed 

clinical conditions, most of which had not been quantitatively 

recorded previously. For example, during the quadriceps test, 

(Figure 21) the quadriceps force of the PCL deficient specimen 

was increased in 20# increments in an attempt to recreate the 

normal condition. It was discovered that in comparing the Z 

translation graphs, the largest differences between the PCL 

deficient curve and the normal curve occurred at the start and 

JThe recorded Z translation was far too great to reflect 
actual knee motions. The vertical axis scale found on all Z 
translational graphs represents the actual readings taken, 
converted into millimeters. This still needs to be corrected 
for rigid body rotations of the X and Y axes. When this 
correction was applied, the curves generated demonstrated that 
from between 30° and 90°, a total absolute translation of @ 25 
mm or 1 inch occurs. The same trend is noted in the Y 
translation curve, presented for hysteresis analysis 
completeness. The object of this study was to demonstrate 
consistency among data runs and prove the test equipment. We 
believe this is demonstrated, since all curves would have to 
have similar corrections, their position relative to one and 
another would not change. A change to the design of the test 
equipment is being done to allow for direct measurements of 
all motions independently. 
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end of the half cycle (extension to flexion or flexion to 

extension), with the deviation found to be the greatest when 

the knee was at full flexion. The differences decreased with 

increasing force on the quadriceps, as expected, but 

approached the normal asymptotically around 70° flexion. Even 

at high quadriceps loads, the curves remained distinct. The 

PCL is known to be more functional as the angle of flexion 

increases, so in a PCL deficient knee (or one where the PCL 

has been severed) this drop off again from the asymptotic 

value suggests, since the PCL is not functioning, the 

posterior translation cannot be corrected by the quadriceps 
alone. 

Specific observations made about the Z translational 

changes confirm the documented functions of the PCL. Figure 

15 shows a hysteresis loop created in one full extension-to 

flexion-to extension cycle. Once the PCL was severed, the 

#2 0, 10, 10 loading condition test was conducted and compared 

to the normal. The PCL deficient knee shows approximately a 

10 mm difference in Z translation in comparison with the 

normal knee (Figure 20). The quadriceps test confirms that an 

anteriorly applied force cannot correct for the injury for the 

entire range of motion. After 70°-90°, the correction is 

incomplete (Figure 21). 

After the PCL was reconstructed, the Z translation curve 

shows the shape is similar to the intact normal curve up to 

70° of flexion (Figure 22) but the tibia remains posteriorly 

displaced on the femur. Further, the motion after 70° of 

flexion is considerably different from the intact state. The 

curves intersect at two points. This implies that the current 

reconstruction techniques do not restore normal kinematics. 

The normal surgical procedure during reconstruction is to 

place a pre-load of 20# on the replacement ligament to 

simulate the forces that would exist in the PCL had it not be 

damaged.  Tests were conducted at three different pre-load 
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angles, 30°, 45°, and 90°, and no significant differences were 

found between the three. However, by plotting the 

reconstructed data versus the normal, we found the 

reconstructed line crossed over the normal curve at two 

places, between 70°-90° flexion (Figure 23). This confirms the 

suspicion that the anterolateral and posteromedial bands of 

the PCL act independently and both need to be accounted for at 

the time of the reconstruction. A new technique involving the 

use of two different femoral insertion sites will be tested to 

determine if the reconstructed knee will perform as well as 

the intact knee. 

Even as loading conditions varied, the overall shape and 

magnitude of the translations were generally similar from knee 

to knee and condition to condition. The PCL deficient knee 

curve followed the same path as the normal, but had a 

different amount of actual translation (Figure 20). 

Initially, tests were done in the PCL intact state to simulate 

quadriceps-deficient (#10, 10, 10), as well as, hamstrings- 

deficient (#20, 5, 5) conditions and these curves turned out 

to be almost identical. This would indicate that as long as 

the joint is compressed by external loads and the ligaments 

are intact, joint surface anatomy is more important than 

muscle load (Figure 24). 

C.  ROTATION COMPARISONS 

The X rotation is the primary variable being changed, 

with each knee going from full flexion to approximately 110° 

flexion. Biologically, Z rotation translates to a knock-kneed 

or bowlegged condition and was not considered significant for 

this study (Figure 19 shows a minor rotation @ 4.5 degrees). 

The Y rotation would place a twist or torque on the knee, 

which would yield an artificial Z translation, therefore its 

impact was reviewed. 

The overall pattern of the rotations was found to be 
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repeatable. Y rotation was found to be small compared to X 

rotation, with an 80% change in the amount of rotation at 

approximately 90° flexion (Figure 16) . It was noted that as 

the quadriceps force was changed, the zero point displaced. 

The normal, hamstrings-deficient, and quadriceps-deficient 

configurations display similar curves, with the hamstrings- 

deficient curve slightly displaced but rotations the same 

direction and magnitude (Figure 25, 26, and 27). 

The tests done on the PCL deficient knee confirmed that 

more rotation occurred from 0° to 90° of flexion than did in 

the intact configuration, further indicating that the PCL is 

important in controlling external/internal rotation (Figure 
28) . 

Once the PCL was reconstructed, the pattern of rotation 

was initially opposite that of the intact condition, showing 

larger magnitudes occurring at smaller degrees of flexion 

(Figure 29) . This suggests the that the reconstructed PCL may 

not have corrected properly for Y rotation, which further 

implies that the two major bands operate independently. A 

comparison of the reconstructed knee and the PCL deficient is 

shown in Figure 30. The rotation occurring at the three 

different angles of pre-load (Figure 31) shows no major 

changes are observed by changing the pre-load angle. 

D.  JOINT REACTION FORCES 

The joint reaction forces on the knee were calculated. 

First, the reactions at the end point ball joints were 

calculated (Figure 32).  After measuring: 

Lf - length of the femur, from the femur end of the 

K-rod to the knee joint 

Lt - length of the tibia, from the tibia end of the 

K-rod to the knee joint 

Lg - distance  from the  femur end of  K-rod to  the 
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insertion site of the gastrosoleus force 

Lh - distance  from the tibia end of  K-rod to the 

insertion site of the hamstrings force 

Lq - distance  from the tibia end of  K-rod to the 

insertion site of the quadriceps force 

L  - length along the straight  line connecting the 

end of tibia K-rod to the end of femur K-rod 

Xrot - direct measurement of the potentiometers 

Xrot = (a + ß) 

180 

The direct measurement is recorded as a voltage. The 

MATLAB routine converts and stores the voltage to degrees. 

Equation (1) converts the degrees to radians. The following 

forces are either provided for by added weights (FJ or are 

the horizontal and vertical (x, y) components of forces 

created by the weights and reactions: 

Q =  simulated quadriceps force 

H -     simulated hamstrings force 

G =  simulated gastrosoleus force 

horizontal and vertical components of the 

quadriceps force acting at insertion site 

horizontal and vertical components of the 

hamstrings force acting at insertion site 

horizontal and vertical components of the 

gastrosoleus force acting at insertion site 

horizontal and vertical components of the 

reaction force generated at the femur ball 

and socket joint 

Tx,Ty  =  horizontal and vertical components of the 

reaction force generated at the tibia ball 
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N 

and socket joint 

resultant  force  created  at  the  condyles 

simulating the force from the patella 

Equations 2-5 represent initial calculations according to 

simple geometry: 

by the cosine law: 

L = ijLf+Lt-2LfLtcos(n-y) (2) 

by sine law: 

a = sin" 
Ltsin (7t-y) (3) 

ß = sin 1 Lfs±n(n-y) 
_ (4) 

perpendicular distance from the line of action of Q to 

Q-force insertion point: 

d =  (Lt-L ) sin Y (5) 

The forces created at the insertion points of the hamstrings 

weight and the gastrosoleus weight (H and G, respectively), 

are parallel to the tibia and the femur at full extension. 

The force created by the quadriceps weight (Q) is broken down 

into its component forces at the insertion site (Qx and Qy) and 

the reaction force created by the tension cord pushing against 

the knee (N) is solved for : (Equations 6-8) 

Qy  = Q coso (6) 

34 



N=   &  (7) 
(Lt-Lff) cos ß 

Q=N + Q sina (8) 

Resolution of the component forces yields (Equation set 9): 

Gx = G sinß 

Gy = -G cosß (9) 

Hx = H sina 

Hy = H cosa 

Then the resultant forces at the ends may be solved for, 

utilizing the summation of forces and moments equalling zero 

(Equations 10-13) : 

^Moment @ femur ball and socket: 

Tx=^[Qx(L-LQcosP) -CyLffsinß+//x(L-Lh cosß) (1Q) 

-HyLhsin$ +NLfcosa ^GJ^g cosa - GyLgsina] 

ZForces, x direction: 

Fx=-( Tx+Qx+Hx+N+ Gx) (11) 

^Moment   @  knee   joint,   along   tibia: 

^T^F^cotß+f^cotß (Lt-Z.h) 
Lt^

c        r     x       r '   c     a' (12) 
+OyiLt-LQ) +0xcotß (Lt-Lg) +Hy(Lt-Lh)] 

^Forces, y direction: 

Fy=-(Ty+Hy+Qy+Gy) (13) 
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After solving for the end point reactions (ball and socket 

forces: Fx, Fy, Tx, Ty) the sum of the forces along the tibia 

is used to solve for the component joint reaction forces, with 

forces directed toward the joint (compressive) being 

considered as positive (Equation set 14): 

Jx  = -(Hx + Tx + Q ) 

Jy  = (Gy + Ty + Q ) (14) 

From this data, the tibio-femoral joint reaction force, lying 

along the axis of the tibia, may be calculated through 

geometry  (Equations 15-17): 

resulting reaction force J: 

angle 0 created by the resultant and the vertical: 

e=tan-x(-^) (16) 
Jy 

component of the resultant lying along the axis of the 

tibia: 

Jt=J cos (p-0) (17) 

In this computation, an assumption is made that the 

entire force is transmitted through a single contact point 

between the femur and the tibia at the knee joint. This 

simplification allows magnitudes of the tibio-femoral 

reaction force (J) to be determined. 

Calculations obtained from the above equations indicate 

that the tibio-f emoral force (along the axis of the tibia) 

varies directly as the quadriceps force, regardless of the 

configuration (PCL intact, PCL cut, PCL reconstructed). Table 

5.1 provides a summary of the results. Figure 33 is an 

example of the resulting curve. 

The reaction force varies with the quadriceps force. The 

36 



same quadriceps force yielded similar results whether the PCL 

was intact, severed, or reconstructed. The force varies, 

being initially 1.5 to 4 times the quadriceps force 

(throughout full range of motion) and decreasing to 1.4 to 2.8 

times the quadriceps force as that force reached 80#. All 

knees have similar behavior patterns, with small deviations. 

The assumption made considers all forces to act through one 

point, implying that the net force created at the knee joint 

would vary as the quadriceps muscle force was changed, but 

would remain consistent throughout configuration changes to 

the ACL and PCL. This indicates that when the PCL is cut, the 

ACL would be required to carry more of the load to keep the 

net force the same. Since the PCL functions to prevent the 

tibia from translating posteriorly, a PCL deficient knee is 

one that has the tibia displaced, up to 25 mm from the Z 

translation calculations. The ACL would then act as a single 

point force, along the direction of the long bone. 

In all cases after reconstruction, the joint reaction 

forces were almost the same as the normal, or PCL intact, 

conditions. The current surgical procedure is adequately 

providing for the appropriate joint reaction forces. 

37 



PCL INT-C7"1 
or^T. HFP EFICIENT PCL RECONSTRUCTION 

^-~? - ~ 10* 20*   - 
  

10* 20* 40* 60* DEF** 30** 90** 

18.686 32.008 21.507 28.683 57.659 84.280 32.330 30.865 30.388 
2 to to to to to to to to to 

40.916 67.029 40.914 67.028 119.25 171.47 67.028 67.028 67.028 

15.609 22.127 14.929 24.445 22.805 21.829 20.662 

3 to to to to — — to to to 

41.912 68.214 41.912 68.214 68.214 68.214 68.214 

22.558 39.132 24.954 41.979 69.957 95.204 28.493 26.766 30.878 

4 to to to to to to to to to 

42.079 67.549 42.079 67.548 118.49 169.43 67.549 67.549 67.542 

24.243 42.631 24.576 42.705 82.043 119.24 44.108 42.648 43.188 

5 to to to to to to to to to 

42.448 68.509 42.231 68.508 120.627 172.452 68.509 68.508 68.510 

Table 5.1:  Joint Reaction Forces 

Quadriceps tasting was not done on knee 3 

Indicates force applied to simulate quadriceps muscle 

*'   Indicates angle of knee joint at which a 20# force pre- 

load was applied 

Values listed are in pounds, as recorded through the range of 

motion (full extension to full flexion, back to extension) 

DEF - Test was run again at 20# quad force without pre load to 

recreate PCL cut 20#. 

38 



TRANSLATIONS COMPARISONS DEMONSTRATING REPEATABILITY 
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Figure 13: Demonstration of the reproducibility of data runs. 
Three separate runs from the same 3mee, normal loading 
conditions, are shown. 
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TRANSLATIONAL COMPARISONS DEMONSTRATING REPEATABILITY 
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Figure 14: Reproducibility between different knee specimens. 
Minor deviations are noted, but amount to less than 5 mm. 
These are easily explained due to individual knee variations. 
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Z TRANSLATION HYSTERESIS LOOP 
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Figure 15: Complete cycle of Z translation, from full 
extension to full flexion, demonstrating a hysteresis loop, 
which has never before been recorded. 
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Figure 16: Complete Y rotation recorded tiiroughout continuous 
motion of full extension to full flexion and back, again 
showing a hysteresis loop. Notice major change in shape of 
curve occurs 0-  90°, and external rotation occurs. 



X TRANSLATION HYSTERESIS LOOP 
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Figure 17:  Hysteresis loop of X translation curve. 
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Figure 18: Hysteresis loop of Y translation curve. The Y 
translation relates biologically to a compression or 
distraction motion and is known to be small. This curve 
represents actual recordings of potentiometers and needs to be 
corrected for X rotation, which is a linear increasing 
function and will account for most of the Y translation seen. 
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Z ROTATION HYSTERESIS LOOP 
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Figure 19: Hysteresis loop of the Z rotation curve. The 
shape of the curve does not begin to change until <§■ 70°, where 
the PCL is believed to exert the most control. Total rotation 
about the Z axis (abduction/adduction) is shown to be minimal. 
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TRANSLATIONAL COMPARISONS, PCL INTACT VS PCL DEFICIENT 
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Figure 20: A PCL intact Z translation curve compared to a PCL 
deficient. The change in translation is expected due to the 
severed PCL allowing the tibia to shift along the posterior 
drawer prior to testing. 
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TRANSITIONAL COMPARISONS, QUADRICEPS FORCE VARIED 
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Figure 21: The quadriceps force tested is 80#. Until <? 65 - 
70°, the curve of the PCL deficient specimen approached" that 
of the normal, then fell off. The PCL is most effective from 
70°-900, and the quadriceps force was unable to recover the 
normal condition at the higher degrees of rotation. 
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TRANSLATIONS COMPARISONS, NORMALAND RECONSTRUCTED 
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Fxgure 22: Complete cycle of Z translation motion under 
reconstruction conditions, compared to the PCL intact 
specimen. No pre-load is applied. The reconstruction never 
repeats the intact exactly. 



TRANSLATIONS. COMPARISONS, NORMALAND RECONSTRUCTED 
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Figure 23: Comparison. of the normal knee and the 
reconstructed knee with a pre-load of 20# at an angle of 90° 
to simulate the existing quadriceps force. The cross-over 
between 70° and 90°, demonstrates that both bands of the PCL 
should be accounted for. 
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TRANSLATIONS COMPARISONS,  QUAD DEFICIENT/ HAM DEFICIEN" 
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Figure 24: Demonstration that the resulting translations from 
the hamstrings-deficient and the quadriceps-deficient forces 
are nearly eqjual. 



ROTATIONAL COMPARISONS, QUAD DEFICIENT/ HAM DEFICIENT 
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Figure 25:  Comparison of Y rotation of the same knee under 
three different configurations : normal, hamstrings-deficient, 
and quadriceps-deficient.  The curves have the same shape and 
magnitudes and differ only in initial rotation direction. 



ROTATIONAL COMPARISONS, NORMAL AND HAM DEFICIENT 
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Figure 26: Rotational comparison of the normal configuration 
and the hamstrings-deficient condition. The curves are the 
same shape and magnitudes, but are offset by <? 2 degrees. 
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Figure 27 : Rotational comparison of the normal configuration 
and the quadriceps-deficient configuration. The curves are 
quite similar, with the quadriceps-deficient showing slightly 
more rotation earlier than the normal. 



ROTATIONAL COMPARISONS, INTACT VS PCL DEFICIENT 
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Figure 28: PCL deficient Y rotation curve. With the PCL 
severed, the tibia is free to rotate externally and internally 
(varus/valgrus motion) as is noted from the drastic change in 
3hape from 20°-70°, differing from the normal. Thi3 confirms 
that the PCL prevents external/internal rotation of the tibia. 
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ROTATIONAL COMPARISONS, NORMAL VS 30 DEGREE ANGLE OF PRE-LOAD 
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Figure 29: Y rotation of PCL reconstruction with a pre-load 
of 20# given at 90° flexion, compared to the intact. The 
lower halves of both curves are similar (although offset by 
30-40 degrees). The drastic difference in the upper halves 
between 20° and 80°, in addition to the curves being similar 
between 80°-110° indicate that the two bands do need to be 
accounted for independently. 



ROTATIONAL COMPARISONS, DEFICIENT AND RECONSTRUCTED 
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Figure 30:  Y rotation of a reconstructed knee compared to a 
PCL deficient. 
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Figure 31: Reconstruct:ion with, a pre-load of 20# applied at 
different angles (30°, 45°, and 90°) . There is little change 
in the curves, indicating that the angle of the pre-load in 
not important. 
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"IBIO-FEMORAL REACTION FORCE 
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Figure 33:   Sample plot of the resultant tibio-femoral 
reaction force. 
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VI.  CONCLUSIONS 

This six degree of freedom continuous motion and loaded 

model was successfully developed and applied in the study of 

the PCL in the human cadervic knee under several conditions. 

Specifically, these conditions were: PCL intact, PCL 

deficient, and PCL reconstructed. 

Four knee specimens were used for the study. In all 

cases, and under all test conditions, similar results were 

achieved. The patterns established with the original test 

knee were repeated throughout the testing with the exception 

of actual magnitudes. 

The changes noted in the Y rotation and Z translation, 

between the normal condition and the PCL cut condition, 

confirmed what was known about the role of the PCL being 

responsible for preventing posterior motion of the tibia. 

Even large quadriceps loads in the PCL deficient knee could 

not reproduce the intact state. 

The use of a six degree of freedom model better simulates 

the in vivo knee and will allow more realistic tests to be 

performed when studying knee injuries. The use of continuous 

motion will lead to a better understanding of knee injuries 

and result in improved surgical and recovery techniques. 

The fact that the reconstructed knee showed persistently 

altered kinematics for both rotation and translation may 

account for surgical failures. Interestingly, the joint 

reaction forces become close to the intact state after 

reconstruction. 

The data obtained from the reconstructed knees indicate 

that the two bands of the PCL, the anterolateral and postero- 

medial, function independently and cannot be reconstructed 

together. Further testing needs to be done to separate the 

bands into two different insertion sites and determine the 

impact of this change throughout the range of motions studied. 
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VII.  RECOMMENDATIONS 

- CONTINUE TO IMPROVE UPON THE TEST STAND 

Different technical problems for data acquisition arose 

with each knee. Of these, two have already been addressed. 

The test stand has already been modified to change the number 

of measurements being taken from six to twelve, and the ball 

and socket joints were replaced with a system to allow direct 

measurement of each independent motion rather than to have to 

back it out vectorially. The jig is in the process of being 

modified. 

- CONSOLIDATE THE TESTS AS MUCH AS POSSIBLE 

We noted that results were not perfectly reproducible 

when the same tests were accomplished on different days or in 

a different order. This occurred due to early technical 

problems. We will return to the original protocol to always 

do the tests in the same order, reduce the number of runs 

under a given loading condition, and preform all the testing 

desired on one joint on the same day to reduce the number of 

possible variables in the test conditions. 

- DIRECT MEASUREMENT OF ACTING FORCES 

To accurately calculate the joint reaction forces, 

specific forces involved (Patella-femoral joint, cruciate and 

collateral, menisci and capsule ligaments) must be computed. 

For this, all weights need to be considered, including the 

weights of the specimen and test jig. The force induced by 

the worm drive must also be accounted for. 

- MORE RUNS OF EACH CONDITION ARE NEEDED TO ALLOW FOR STATIS- 

TICAL ANALYSIS 

The primary concern of this project was to develop and 

perfect the previously unreported test equipment for an 

unconstrained, continuous motion, six degree of freedom knee 

model. Once the total time for each run has been reduced 

through improved equipment and technique, more time will be 
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spent on additional runs for each given condition. The 

reproducibility and accuracy for each test condition may then 

be calculated. 

- TESTING OF THE THEORY OF TWO SEPARATE INSERTION SITES FOR 

THE DIFFERENT BANDS OF THE PCL 

If the insertion sites are separated, it should be 

possible to control the excess Y rotation noticed in the 

reconstructed graphs, as well as eliminate the cross-over 

noticed when compared to the PCL intact condition of the Z 

translation. 
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GLOSSARY OF TERMS 

ABDUCTION - Draw away from midline 

ADDUCTION - Movement of part of body towards midline 

ANTERIOR CRUCIATE LIGAMENT - Crossed shaped ligament that 

prevents anterior motion of the tibia 

ANTERIOR/POSTERIOR DRAWER - Forward/after direction along the 

tibial condyles 

ARTHROSCOPY - Procedure wherin an orthopedist looks into a 

joint with specially designed, lighted, hollow instrument 

CAPSULE - Covering or sheathing 

COMPRESSION/DISTRACTION - Movement along the axis of the long 

bones of leg 

CONDYLE - Rounded portion of bones, usually at joints 

CRUCIATE - Crossed shaped 

EPIDEMIOLOGY - Study of accurance and prevalence of disease, 

often applied to study of manner of spread of disease 

EXTENSION - Stretching or straightening of a limb which is 

contracted, dislocated, or fractured 

FEMUR - Long bone in the leg; extending from hip joint to knee 

FLEXION - Bending motion 

GASTROSOLEUS/GASTROCNEMIUS - Main calf muscle in back of leg; 

action bends foot downward 

HAMSTRINGS MUSCLE - Powerful thigh muscle in back of thigh, 

bends the knee 

HYPER-EXTENDED - Extended beyond the point of equilibrium 

LIGAMENT - Tough connective tissue that holds bones together 

MEDULLARY - canal in the center of the leg bones 

MENISCUS (plrMENISCI) - Cresent shaped cartilage lying on 

tibial bone within knee joint; frequently torn in athletic 

injury 

PATELLA - Knee-cap 

PATHOKINEMATICS - Dealing with the nature of the kinematics 

POSTERIOR CRUCIATE LIGAMENT - Crossed shaped ligament that 
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prevents tibia from moving towards the rear 

QUADRICEPS  FEMORIS  -  Large  muscle  in  front  of  thigh; 

straightens knee cap 

SOLEUS MUSCLE - One of 2 large muscles of the calf of the leg 

SCREW-HOME MECHANISM - manner in which the knee joint returns 

to its normal, fully extended position 

TENDON - Fobrous portion of muscle which extends to their 

attachment to bones 

TIBIA - Larger of 2 leg bones located on inner side of leg and 

responsible for weight bearing 

TIBIOFEMORAL - Pertaining to the tibia and femur 

TRANSEPICONDYLAR - Across the laterial axis of the condyle 

VALGUS - Turning out of the foot 

VARUS - Turned in foot deformity; bowleggedness 
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